o 
o 

(N 
u , 

< 



(N 

oo 
O 



Combined study of 7p rjp and tt p ^ rjn in a. chiral constituent quark approach 

Jun HC 

Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, P.R.China 



B. Saghal 

Institut de Recherche sur les lois Fondamentales de I'Univers, 
IRFU, CEA/Saclay, 91191 Gif-sur-Yvette, France 
(Dated: April 13, 2009) 

Within a chiral constituent quark model approach, 77-meson production on the proton via 
electromagnetic and hadron probes are studied. With few parameters, differential cross- 
section and polarized beam asymmetry for 7p — s- rjp and differential cross section for 
■K^p — > rjn processes are calculated and successfully compared with the data in the center- 
of-mass energy range from threshold up to 2 GeV. The five known resonances 5ii(1535), 
S'ii(1650), Pi3(1720), Diz{l'o2Q), and Fi5(1680) are found to be dominant in the reaction 
O I mechanisms in both channels. Possible roles plaied by new resonances are also investigated 

^ , and in the photoproduction channel, significant contribution from Sn- and _Di5-resonances, 

with masses around 1715 MeV and 2090 MeV, respectively, are deduced. For the so-called 
^ ' missing resonances, no evidence is found within the investigated reactions. The helicity 



amplitudes and decay widths of N* ttN, rjN are also presented, and found consistent 
with the PDG values. 

PACS numbers: 13.60.Le, 12.39.Fe, 12.39.Jh, 14.20.Gk 



^ ■ I. INTRODUCTION 

Baryon spectroscopy is one of the major realms in deepening our understanding of QCD in 
the non-perturbative regime. Properties of the nucleon and its resonances are extracted mainly 
through photo- and/or hadron-production of mesons off the nucleon. 

In a recent paper [li, we investigated the jp ^ r]p process within a chiral constituent quark 
model and discussed the state-of-the art. In the present work, we extend that formalism to the 
TT^p — > rjn reaction and perform a combined analysis of both channels. 

For the photoproduction process, a healthy amount of data has been released in recent years for 
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both differential cross section 

mm 

, and polarized beam asymmetry 

m 

. The situation is very 

different for the 7r~p — > r?ra reaction. Actually, the data come mainly from measurements performed 



in 70 



Id, 



11 



12| | and suffer from some inconsistencies A recent experiment, performed 
at BNL using the Crystal Ball spectrometer [14], offers a high quality data set, though limited to 
the close to threshold kinematics. Consequently, a combined data base embodying experimental 
results for both electromagnetic and strong channels turns out to be highly heterogeneous. In 
spite of that uncomfortable situation, recent intensive theoretical investigations interpreting both 
channels within a single approach has proven to be fruitful in revealing various aspects of the 
relevant reaction mechanisms, as discussed, e.g., in Refs. 

In the photoproduction sector, a significant progress has been performed in recent years within 
coupled-channels formalisms fla . fl^ allowing to investigate a large number of intermediate 

and/or final meson-baryon (MB) states: 7iV MB, with MB = -KN,r]N, pN,aN,7rA, KA, KT,. 



Those approaches have been reviewed in our recent paper 



approaches are being developed 



15 



21 



Also advanced coupled-channels 



22l | for the strong channels: vrA^ MB. However, 



fewer studies embody both electromagnetic and strong production processes. Moreover, those 
works are based on the effective Lagrangian approaches (ELA), where meson-baryon degrees of 



freedom are implemented, (see e.g. Refs. 



13, 



n. 



m I23|,l24|). Investigations based on subnucleonic 



degrees of freedom, via constituent quark models (CQM) have been successful 



i],y. 



26 



271, 



28 



29| 



in the interpretation of photoproduction data on the proton, namely, jp — > vrA^, r]p, KA, and a 



recent work 



30( 1 has considered the n p ^ r]n reaction. 



At the present stage, the ELA and the CQM approaches are complementary. However, the QCD- 
inspired CQM developments deal on the one hand with more fundamental degrees of freedom and 
on the other hand require a much smaller number of adjustable parameters while fitting the data. 
This latter feature allows including a large number of resonances in the model search with still a 



reasonable number of free parameters. Hence, this approach turns out to 



for the so-called missing and/or new resonances 



18 



31 



32 



33 



3e suitable in searching 



34 



35 



3a, 



37|, 



381,13^, 



The present work is hence a step in a combined study of both electromagnetic and strong 
r/-production processes within a unified chiral constituent quark (xQM) formalism. 

The paper is organized as follows. In Section m the theoretical content of our xQ^ approach is 
presented. The fitting procedure and numerical results for differential cross-section, polarized beam 
asymmetry, helicity amplitudes, and partial decay widths are reported and discussed in section HIH 
where possible roles played by "missing" and new resonances are also examined. Summary and 
conclusion are given in section [TVl 
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II. THEORETICAL FRAME 



To investigate hadrons and their resonances, various formalisms embodying the subnucleonic 
degrees of freedom are being developed. Lattice QCD, based on the fundamental theory of strong 
interactions, is expected to establish the properties of hadrons, but there are still great tech- 
nical difficulties when applied to resonances, see e.g. 



41 



42l |. The QCD sum rule approach is 



also applied to the resonance region, though limited to the low mass ones, such as A(1232) and 



511(1535) 



43 



44 



451 . I46l . [43] ■ That technique faces difficulties to control the uncertainties in 
handling phenomenological parameters. The most efficiently used approach to study the baryon 
resonance is the constituent quark model, which provided the first clear evidence of the underlying 
SU{6) 0{3) structure of the baryon spectrum [48]. Subsequent studies have been concentrat- 
ing mainl y o n the transition amplitudes and the baryon mass spectrum, achieving well known 
successes 



4S 



50, 



51 



52l |. but do not investigate reaction mechanisms. 



To connect the constituent quark model to the reaction mechanisms of specific processes, a 
comprehensive and unified approach to the pseudoscalar mesons photoproduction, based on the 
low ener gy Q CD Lagrangian [53], is developed 



7P — > -qp 



251, 



26 



551 ] and vr p — > r/n 



3C 



541 ] ■ and applied to some processes, including 



In this section we recall briefiy the content of the chira 
extend it to the r] hadron-production process. As in Ref. 
Lagrangian [53], 







constituent quark approach }V\ and 
we start from an effective chiral 



C = ^ph^,{i^^' + V^' + ts^'^) - m]^ + • • •, 



(1) 



where vector (V^) and axial (A^) currents read, 



2 2i 



(2) 



with ^ = exp {i(j)m / fm) and fm the meson decay constant. V and (pm are the quark and meson 
fields, respectively. 

In this paper we focus on the resonance contributions, for which the amplitudes can be written 

as, 



Mn* 



2Mn* 



s-Ml,-iMN*T{ci) 



e 6ci2 On*-, 



(3) 



where y/s = W \s the total energy of the system, and On* is determined by the structure of each 



4 



resonance. r(q) in Eq. ([3|) is the total width of the resonance, and a function of the final state 
momentum q. 

The transition amplitude for the n^^ harmonic-oscillator shell is 

On = 0^^ + Ol (4) 

The first (second) term represents the process in which the incoming photon and outgoing 
meson, are absorbed and emitted by the same (different) quark. 

We use the standard multipole expansion of the CGLN amplitudes js?! to obtain the partial 
wave amplitudes of resonance f2i,2i±i- Then the transition amplitudes for peseudoscalar meson 
production through photon and meson baryon scattering takes, respectively, the following form: 

Ojf* = ifii±cr ■ e + f2i±a • qcj • (k x e) + ihi±a • kq • e + i/4Z±cr • qe • q, 

C]^, = /iz±+a-q(7-k/2z±. (5) 

In Ref. 



54( 1 ■ the partial decay amplitudes are used to separate the contribution of the state 
with the same orbital angular momentum L. As we found in Ref. with the helicity amplitudes 
of photon transition and meson decay, we can directly obtain the CGLN amplitudes for each 
resonance in terms of Legendre polynomials derivatives. Analogously, the partial wave amplitudes 
for pseudoscalar meson-baryon scattering are 

oo 

/i = y^[/;+-P/+i - 

1=0 

oo 

/2 = (6) 

1=0 

We can connect the helicity amplitudes with the multipole coefficients as in the case of photo- 
production process 



fi± - TA± ^ l^-^ j C^.^NCm,N - 2vr(2 J + 1) 



(7) 



1/2 1/2' ' 

N* 

where represents the Clebsch-Gordan coefficients related to the isospin coupling in the in- 

coming or outgoing channel with rrii and rrij the incoming and outgoing mesons (respectively vr 
and rj in this work). 

In „u. approach, the pho.oexciU.ion helicity amplitude. Al as weil a.^he *o„. decay amph- 

tudes A^, are related to the matrix elements of interaction Hamiltonian [48] as following, 

A,^ = ^ — {N*-J\\H,\N;-\-l), (8) 
A^ = {N-K\H,n\N*-Ju). (9) 
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The amplitudes in Ref. [5j] are derived under the SU{6)(^0{3) symmetry. However, for physical 



In Ref. 



states that symmetry is broken. An example is the violation of the Moorhouse rule 
a set of parameters Cn* were hence introduced to take into account the breaking of that symmetry, 
via following substitution: 



0]\f* — > C]\f*ON* 



(10) 



In Refs. 



55| . those parameters were allowed to vary around their SU{6) 0(3) values (|C7v*| 
= or 1). In this work, instead of using those adjustable parameters, we introduce the breakdown 
of that symmetry through the configuration mixings of baryons wave functions as we have done 



in Ref. To achieve that improvement, we adopted the one-gluon-exchange (OGE) model 



60, 



53, 



6l[ |. which has been successfully used to study the helicity amplitudes and decay widths of 



resonances 



III. RESULTS AND DISCUSSION 



The most important and interesting nucleon resonances, such as S'ii(1535), are in t 



he mass 



5S 



62]. In 



region lower than 2 GeV, that is, the n=l,2 shell states in the constituent quark model 
this region plentiful recent data are expected to give more reliable information about the internal 
structure and properties of baryon resonances. Hence, in the present work we investigate the 
reactions 7p — > r]p and TT~p — > ijn, focusing on the range of centre-of-mass total energy from 
threshold up to 14^ ~ 2 GeV, in order to interpret a large amount of high quality data released 
from various facilities. 



A. Fitting procedure 



Using the CERN MINUIT code, we have fitted simultaneously the following data sets and the 
PDG values: 



Spectrum of known resonances: 

Known resonances: we use as input the PDG values 



63] for masses and widths, with 



the uncertainties reported there plus an additional theoretical uncertainty of 15 MeV, as in 
Ref. 



511 ]. in order to avoid overemphasis of the resonances with small errors. The data base 
contains all 12 known nucleon resonances as in PDG, with M < 2 GeV, namely, 

n=l: S'ii(1535), S'ii(1650), L»i3(1520), £»i3(1700), and Z?i5(1675); 
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n=2: Pii(1440), Pii(1710), Pi3(1720), Pi3(1900), Fi5(1680), Fi5(2000), and Fi7(1990). 

Besides the above isospin-1/2 resonances, we fitted also the mass of A(1232) resonance. 
However, spin-3/2 resonances do not intervene in the r] photoproduction. Concerning the 
resonances for which uncertainties are not given in PDG, we use 50 MeV. 

Additional resonance: Resonances with masses above M ~ 2 GeV, treated as degenerate, 
are simulated by a single resonance, for which are left as adjustable parameters the mass, 
the width, and the symmetry breaking coefficient. 

• Observables for 'jp r]p: 

Differential cross-section: Data base includes 1220 data points for 1.49 ^ W < 1.99 
GeV, coming from the following labs: MAMI [64fl (100 points), CLAS [2] (142 points), 
ELSA [3] (311 points), LNS [4] (180 points), and GRAAL [5] (487 points). Only statistical 
uncertainties are used. 

Polarized beam asymmetry: 184 data points for 1.49 < < 1.92 GeV, from GRAAL 
(150 points) and ELSA [gJ (34 points). Only statistical uncertainties are used. 

Target asymmetry: The target asymmetry (T) data joS] are not included in our data 
base. Actually, those 50 data points bear too large uncertainties to put significant constraints 
on the parameters 

• Observables for vr p — > rjn: 



Differential cross-section: Data base includes 354 data points, for 1.49 W < 1.99 

si (80 points)^ichards U] (64 points), Debenham [12] (24 



GeV, coming from: Deinet 

points), Brown [7.] (102 points), Prakhov [lj| (84 points). Uncertainties are treated as in 



Ref. 



As already mentioned, for the vr p — > r/n process, the data set is composed mainly of old data, 
plus those released recently by Prakhov et al [3]. Models constructed 15, 30, 56] using those 



experimental results encountered some difficulties in reproducing especially the two lowest energy 
data sets. Those features deserve a few comments. The Prakhov et al. [14] data set consists of 
differential cross section in nine incident pion momentum bins in the range = 687 to 747 MeV/c, 
corresponding to the center-of-mass energy range W = 1.49 to 1.52 GeV. It is interesting to notice 
that the reported total cross section increases by almost one order of magnitudes going from the 
lowest to the highest pion momentum. In order to attenuate the undesirable effects of such sharp 



7 



variations, we introduce an energy dependent term in the denominator of the expression used 
in the minimization procedure, namely. 

Here Vex, Vth, and 6Vex are the standard quantities. The additional term is a product of the 
derivative of the observable with respect to energy (V^/j), and the experimental energy bin (AE'ex)- 
Notice that the data are reported for central values of Pj^ it AP^^, with AP^r = 3 to 7 MeV/c. We 
will come back to this point. 

In summary, 1783 experimental values are fitted. To do so, we have a total of 21 free parameters, 
not all of them adjusted on all the data sets, as explained below. 

In Table H] we report the list of adjustable parameters and their extracted values. 

Two of the parameters, namely, the non-strange quarks average mass (mg) and the harmonic 
oscillator strength (a) are involved in fitting both mass spectrum and r/-production data. The 
QCD coupling constant (a^) and the confinement constants (fi and A), intervene only in fitting 
the //-production data via the configuration mixing mechanism. 

In Table [J the extracted values within the present work are compared to those reported in our 
previous paper. The only significant variation concerns the harmonic oscillator strength (a), which 
is lowered by some 20%, due to inclusion of the strong channel. The quark mass is very close to 



the commonly used values, roughly one third of the nucleon mass. For t 
extracted values here come out close to those used by Isgur and Capstick 



re other parameters, the 



6^: Eo = 1150 MeV, 



~ 440 MeV, and A ~ 440 MeV. For the parameters Og, a, and nig Isgur and Capstick introduce 
6 = (4a^a)/(3\/27rm^), for which they get 300 MeV. Our model gives 6 ^ 262 MeV. 

Among the remaining 16 adjustable parameters, 9 of them (related to the new resonances) are 
extracted by fitting the photoproduction data, and the additional 7 parameters are determined by 
fitting data for both channels. With respect to the ?7-nucleon coupling constant grjNN, our result 
favors a rather small coupling arou nd Qr,ivM = 0.376, which is compatible with those deduced from 



in Refs. 



66 



67 



6S 



fitting only the ?? photoproduction [2a, l55|]. Comparable values for the coupling are also reported 



69|. 



The parameter Cp^^(^ii2o) is the strength of the Pi3(1720) resonance, that we had to leave as 
a free parameter in order to avoid its too large contribution resulting from direct calculation, as 
discussed in Ref . [l| . The value of that parameter for the photoproduction reaction is close to that 
in our previous paper. For the strong channel, Cpj3(i72o) turns out to be larger in magnitude than 
the of photoproduction (C'pj3(i72o))- 
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TABLE I: Adjustable parameters with extracted values and x^, where rUg, a, fl, A, AI, and F are in MeV. 



Parameter 


Model B in Ref. [1] 


This work 




n 44Q 




0.376 




vriq 






312 




Oi 


zoo 




348 




OLs 


1 QS 

i.yo 




1.96 






442 




437 










460 


TTA/f AT*- 


ivl 


Zi ± y 




2165 






OU 




80 










-0.84 










0.005 


p,„(^ 79nv 


^Pi3(1720) 
'-^Pi3(1720) 


n AO 




0.37 
-0.89 


iNew Oil. 


Ivl ' 


1 71 7 




1715 




L 


01 7 




207 










0.51 


New D13: 


M'^ 


1943 




1918 




p7 


139 




151 




^7 

'-'TV* 


-0.19 




-0.19 


New D15: 




2090 




2090 




p7 


328 




345 




^7 


2.89 




2.85 




for total 
X^ for 7p ^ 7/p 
xj for TT^p ^ 7771 
Spectrum 


3273/1418=2.31 
3243/1404=2.31 

30/14=2.14 


3627/1772=2.05 
3187/1404=2.27 
408/354=1.15 
32/14=2.29 



The higher mass resonance (HM N*) treatment requires four adjustable parameters: M, F, 
C^, , and C]^, , which are determined by fitting the r^-production data. Here, different strengths 
{Cjjt, and CJf,) for higher mass resonances and Pi3(1720) are used because two processes have 



different initial states. Notice that in fitting the r/-production data, we use the PDG 
masses and widths of the known resonances. 
In recent years, several authors 



63( 1 values for 



IS 



31 



32, 



33|, 



34 



35|, 



36 



37 



33, 



3S 



40( 1 have put 



forward need for new resonances in interpreting various observables, with extracted masses roughly 
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between 1.7 and 2.1 GeV. We have hence, investigated possible contributions from three of them: 
Sii, Di3, and D15. For each of those new resonances we introduce then three additional adjustable 
parameters per resonance: mass (M), width (F), and symmetry breaking coefficient (Ctv*)- For 
the three new resonances, we fohow the method in Ref. |j] via Eq. (jlO|) . The extracted Wigner 
masses and widths, as weh as the strengths for those resonances are given in Table HI The results 
are close to ones in Ref. [l]. 

For the process 7r~p — > rju, given the state of the data base, the determination of the reaction 
mechanism is less reliable than for the photoproduction. Consequently, search for signals from 
unknown resonances in that strong channel would be superfluous. Nevertheless, we looked at 
possible contributions from those three new resonances and found their contributions negligible. 
Accordingly, for the strong channel we deal only with the known resonances. 

As shown in Table [U the ^or both processes is 2.05, with 2.27 for the t] photoproduction and 
1.15 for TT^p rjn. So, within our model, the data are well enough reproduced. With respect 
to the latter channel, if we do not consider the uncertainty for the energy (Eq. (jlip ). and use the 
same definition for the EBAC collaboration [3], we obtain = 1-99 foi' "^"P ~^ which 

is close to its EBAC value, 1.94. 

To end this section, we examine the role played by each of the 12 known, 3 new, and one heavy 
mass resonances. To that end, we have switched off resonances one by one. The results are reported 
in Table HIl For each case, two numbers are given corresponding to two sets of x^s: i) without 
further minimization and ii) after minimization (in brackets). That Table embodies results for 7 
resonances. For the remaining 9 resonances the variations of were found negligible and hence, 
not shown in the Table. However, in some regions in the phase space, few of those resonances play 
significant roles and we will emphasize those features in the relevant sections. 

TABLE II: x^s after turning off the corresponding resonance contribution, without [with] further minimiza- 
tions, including partial x^s for the jp — s- rjp and 7r~p — > rjn processes. 





S'ii(1535) 


5ii(1650) 


Pi3(1720) 


i?i3(1520) 


^^15(1680) 


New Sii 


New Di5 




136 [80 ] 


12.3 [2.36 ] 


3.49 [2.90] 


9.60 [5.27] 


4.33 [3.25] 


9.63 [4.44] 


3.37 [2.34] 




160 [85 ] 


14.2 [2.60 ] 


3.55 [2.77] 


10.04 [5.79] 


4.44 [3.59] 


11.84 [5.22] 


3.93 [2.60] 




48 [65 ] 


4.9 [1.40 ] 


3.31 [3.38] 


8.17 [3.32] 


3.98 [1.91] 


1.16 [1.39] 


1.16 [1.28] 



For the known resonances in PDG, as expected, the most important role is played by the 
5ii(1535). The effects of 5ii(1650), L>i3(1520), and to a less extent those of Fi5(1680) and 
Pi3(1720), turn out to be (very) significant. In addition to those known resonances, a new 5ii 
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appears to be strongly needed by the photoproduction data. We also investigated possible contri- 
butions from the missing resonances (see next section) following the above procedure and found 
no significant effects. 

In the following , we will first present our results for the baryon spectrum. Then we will move 
to the observables for the 7p — > rjp and ir^p ijn processes, and compare our model with the 
data. To get better insights to the reaction mechanism, we will also report on our results obtained 
by turning off the resonances which have significant effects on for both processes studied here 
without further minimizations. 



B. Baryon spectrum 



The results of baryon spectrum extracted from the present work are reported in Tables lllli 



6d, 



6l[ |. and except for 



Our results are in good agreement with those obtained by Isgur and Karl 
the 5ii(1535) and Z)i3(1520), fall in the ranges estimated by PDG 63]- The additional "missing" 
resonances generated by the OGE model, are also shown in Table IIIIl The extracted masses are 
compatible with those reported by Isgur and Karl 



60 



ml 



TABLE III: Extracted masses for known PDG and the so-called "missing" resonances compared with the 



values by Isgur et al. 



60 



611 and PDG 



63|. All are in the unit MeV. 



PDG resonances 


S'ii(1535) 


S'ii(1650) 


Pn(1440) 


-Pii(mO) 


A3 (1720) 


Pi3(1900) 


pfOGE ^^Yiis work 


1471 


1617 


1423 


1720 


1712 


1847 


MOGE j^gfg^ gjj 


1490 


1655 


1405 


1705 


1710 


1870 




1535 ± 10 


1655l:J^ 




1710 ±30 


1720130 


1900 


PDG resonances 


i?i3(1520) 


i?i3(1700) 


i?i5(1675) 


i^i5(1680) 


^^15(2000) 


Fi7(1990) 




1509 


1697 


1629 


1717 


2002 


1939 


MOGE j^gfg^ [60, 61] 


1535 


1745 


1670 


1715 


2025 


1955 


M^^G [63] 


1520 ±5 


1700 ±50 


1675 ±5 


1685 ± 5 


2000 


1990 


"missing resonances" 


Pii 


Pii 




Pl3 


^^13 


Fi5 




1893 


2044 


1936 


1959 


2041 


1937 


Ref. [61] 


1890 


2055 


1955 


1980 


2060 


1955 
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C. Observables for 773 



VP 



This section is devoted to the results for differential cross sections (da/dO.) and polarized beam 
asymmetries (S) for 7p r]p, as in our previous work [ij], as well as those for total cross section. 

First, to give an overall picture of various features of our model, we present the results for total 
cross section and compare them to the data (Fig. [1]). Notice that the data for total cross section 
are not used in minimization. 



Full 

811(1535) 
811(1650) 
811 (New) 
D15(New) 



CLA8 

LN8 

GRAAL 

EL8A 

MAMI 




1.7 1.8 

W(GeV) 



2.1 



FIG. 1: (Color online) Total cross section for -fp — > ?7p as a function of total centre-of-mass energy W. The 
curves are: full model (thick full), and turning off the following resonances: S'ii(1535) (thin full), S'ii(1650) 
(long dash-dotted) , new S'n (dash-dashed), and new D15 (short dash-dotted). Data are from CLAS 



LNS [|, GRAAL ELSA 



a 



and MAMI 



64|. 



Our full model gives a reasonable account of the total cross section behavior from threshold up 
to 2 GeV with a small discrepancy around W^=1.9 GeV. In Fig. [1] we also show results obtained 
by turning off the most significant resonances, without further minimizations. 

Switching off the 5ii(1535), the close threshold cross section decreases by more than two orders 
of magnitude. At energies far above threshold, the absence of that resonance shows still non- 
negligible effects. The contribution of the second 5ii resonance, 511(1650), is visible from about 
1.55 GeV upto 1.75 GeV. As reported in Table [Ul turning off that resonance increases the 
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from 2.05 to 12.3, without further minimization, and to 2.36 after minimization. The significant 
discrepancy between the two x^s can be understood by the fact that in the same mass region, there 
are two other relevant resonances (new 5ii and Pi3(1720)), and by redoing minimizations their 
relative strengths get new values. Such a "compensating" mechanism shows up also in effective 
Lagrangian based models through the extracted rjNN* couplings. The new S\i resonance turns out 
playing a significant role roughly between 1.7 and 1.8 GeV. Finally, a new Di^ appears, affecting 
the highest energy region investigated here. 



CO 

a 

■D 




W(GeV) 




W(GeV) 



FIG. 2: (Color online) Differential cross section (left panel) and polarized beam asymmetry (right panel), 
for 7p rjp, as a fmiction of W at three angles. The curves are: both panels: full model (thick full), 
and turning off 5*11(1535) (thin full), new 6*11 (dash-dashed), and new Di^ (short dash-dotted); left panel: 
switching off 5ii (1650) (long dash-doted), Pi3(1720) (dashed); rigth panel: turning off _Di3( 1520) (dashed), 
Fi5(1680) (dotted). Data are as in Fig.ffl 



Excitation functions for differential cross sections and polarized beam asymmetries are presented 
in Fig [21 left and right panels, respectively. For differential cross section, model / data comparisons 
lead to similar conclusions as in the case of total cross section, with respect to the model ingredients. 
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Moreover, the underestimate of data around 1.85 to 1.95 GeV turns out to happen at forward angles. 

Results for the polarized beam asymmetries are shown in the right panel in Fig [2j Here also 
the S'ii(1535) is still the most dominant ingredient upto roughly 1.75 GeV. In contrast to the 
cross section reaction mechanism, we observe significant contributions from two known resonances. 
Actually, the -Di3(1520) plays the second important role. Its effect is most spectacular around 90°. 
On the contrary, the -Fi5(1680) has important contributions far from 90°. 

Finally, two new resonances seem to be needed to reproduce the data. The new Sn resonance 
shows up especially at backward angles and to a less extent at forward angles, with the spanned 
energy range located between 1.7 and 1.85 GeV. Contributions from the new Di^ resonance are 
limited to forward angles and high energies. 

This section, devoted to the observables of the process 7p ijp, in the energy range W < 2 
GeV, leads to the conclusion that within our approach, the reaction mechanism is dominant by five 
known and two new nucleon resonances: S'ii(1535), new ^n, and to a less extent -D15, intervene 
significantly in both observables, while the S'ii(1650), and Pi3(1720) have impact on the cross 
section, while the Di3(1520) and i^i5(1680) play important roles in polarized beam asymmetry. 



D. Observables for -k p rjn 

We start with presenting the total cross section (Fig. [3]). As in the photoproduction case, 
the 511(1535) brings in the most dominant contribution. The contribution of the second 5*11 
resonance, /S'ii(1650), turns out to be important, though in a restricted part of the phase space. Its 
vanishing contribution close to 1.7 GeV, is compensated by the ape seance of contributions from 
the -Fi5(1680). The first Sn has a constructive contribution, while that of the second one and the 
Fi5(1680) are destructive. The Z)i3(1520) plays the second important role. The peculiar effect of 
this resonance could be attributed to strong interferences with other partial waves, which starts as 
constructive before turning, around 1.7 GeV, to destructive behavior. As found in Refs. {25!. Isol. 
the second peak is from the contribution of n = 2 shell resonances, and the result in this work 
endorses that the Pi3(1720) accounts for that peak. Finally, contributions from the Di5(1675) 
show up around 1.7 GeV. 

Here, we would like to come back to the recent data released by Prakhov et al. ij] in relation 



to our discussion in Sec. IIII Al and Eq. (Ilip . In Fig. [3l we have made a zoom, in the box at the 
top of that Figure, on the energy region W < 1.51 GeV. The spread of the energy bin (AEgx in 
Eq. (jlip l compared to the cross section uncertainties, and the fact that the cross section rises very 
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1.7 1.8 

W(GeV) 

FIG. 3: (Color online) Total cross section for Tr~p rjn as a. function of W. The curves are: full model (thick 
full); turning off: S'ii(1535) (thin full), S'ii(1650) (long dash-dotted), Fi3( 1720) (dashed), £'13(1520) (long 
dashed), Ji5( 1680) (dotted) and Di5(1675)(short dash-dotted) resonances. Data are from Prakhov [14 



Richards llll, Morrison 



and Clajus 



70|,Deinet [g], Debenham 12 1, Crouch 71 1, Brown Q, Feltesse Q, Bulos 



The subfigure, inside the box, is for the near threshold energy range. 



rapidly with energy, explain the difficulties in fitting the lowest energy data (Fig. E]) . In that box, 
it can be seen that our full model crosses the energy bands, but not always the experimental values 
for cross section. Actually, using the standard definition of x^i those data points give very large 
contributions and render the fitting procedure somewhat problematic. That undesirable behavior 
can be attenuated by embodying the energy bin in the determination, as in Eq. (jlip . 

Now, we move to difi^erential cross section, depicted in Figs. |3]and[5l and examine the reaction 
mechanism ingredients. 

The full model reproduces the data reasonably well, with less success in the close threshold 
region, as discussed above. The highly dominant role of the S'ii(1535) is present in the whole 
energy range investigated here, from threshold up to about 1.6 GeV (Fig. Above that energy, 
as seen in the total cross section plot, the effect of that resonance becomes rapidly vanishing with 
energy. In the low-energy region, W < 1.6 GeV, we show also results with the 5ii(1650) or 



15 



Z?i3(1520) turned off. In both cases the effects are significant, and the latter resonance generates 
the correct curvature, required by the data. 
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COS 9 

FIG. 4: (Color online) Differential cross section for n^p rjn a.s a. function of cos6' at lower energies. The 
curves are: full model(thick full); turning off 5*11(1535) (thin full), 5ii(1650) (dash-dotted), and 1^13(1520) 
(dashed). Data as Fig. [3l 
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Figure [5] shows results for the higher energy region, where the data are less consistent with 
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-1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 -1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1 

COS 

FIG. 5: (Color online) Same Fig. [4^s at higher energies. The curves are: full model (thick full) and 
turning off: Pi3(1720) (dashed), i:>i5(1675) (short dash-dotted), i:)i3(1520) (long dashed), and Fi5(1680) 
(thin dashed). 



each other than in the lower energy region. Obviously the data by Crouch et al. [711] can not be 
simultaneously fitted with those by Brown et al. [7]. Here, following Ref. 15|, we choose the latter 



in the fitting procedure. In going from the low energy to the high energy region the shape of the 
theoretical results change: a structure at forward angles appear, while the slope in the backward 
hemisphere gets more and more attenuated with energy increase. 

The full model reproduces well enough this heterogeneous data base. By switching off the 
resonances one by one we show in that Figure, the most significant effects are due to -Pi3(1720), 
1)13(1520), -Fi5(1680), and Z)i5(1675), which appear mainly at forward hemisphere and to a less 
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extent in the most backward angles. The -Di3(1520) produces the correct curvature at the most 
forward angles. Roughly in the same angular region, the -Fi5(1680) plays significant role. Both of 
those resonances show destructive contributions. Constructive effects are due to the Pi3(1720) and 
1515(1675), with comparable strengths in the whole forward angle region. 

This section, focused on the observables of the process ir'p rjn, in the energy range W < 2 
GeV, leads to the conclusion that within our approach, the reaction mechanism is dominated by 
six known resonances, S'ii(1535), 511(1650), Pi3(1720), Z)i3(1520), L>i5(1675), and Fi5(1680). 



E. Helicity amplitudes and partial decay widths 

After fitting the observables, the helicity amplitudes and the partial decay widths for A^* rjN 
or ttN can be calculated within a given model without adjustable parameters. Results correspond- 
ing to our full model are presented in Table [IV] for all n =1 and 2 shell resonances generated by 
the quark model including the so-called "missing" ones. 

The helicity amplitudes are in line with results from other similar approaches (see Tables I and 
II in Ref. 0]). Except the 5ii(1535), the decay widths for vrA^ are much larger than those for the 
rjN case. 

For the dominant known resonances, 5ii(1535) and 5ii(1650), the helicity amplitudes and decay 
widths for both decay channels are in good agreement with the PDG values. That is also the case 
for the ^3/2 and decay widths of both Di3(1520) and -Fi5(1680). For the latter resonance, the 
Ai/2 has the right magnitude, but opposite sign with respect to the PDG value. However, for that 
resonance A3/2 being much larger than ^1/2 > the effect of the latter amplitude is not significant 
enough in computing the observables. The helicity amplitudes, as well as vrA^ decay width for 
Pi3(1720) deviate significantly from their PDG values, as it is also the case in other relevant 



approaches (see Table II in Ref. [5^ ) . Those large values produced by our model forced us to treat 
the symmetry breaking coefficient for Pi3(1720) as a free parameter (Table H]), in order to suppress 
its otherwise too large contribution. As much as the other known resonances are concerned, we 
get results compatible with the PDG values for Z)i3(1700) and Fi7(1990), and to a less extent for 
Di5(1675). Finally, we put forward predictions for the missing resonances, for which we find rather 
small amplitudes, explaining the negligible roles played by them in our model. 
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TABLE IV: Helicity amplitudes and decay widths for resonances. 
Here a is the sign for vrA^ -qN as in Ref. 5C | . 
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IV. SUMMARY AND CONCLUSION 



In the present work we have presented a unified description of the processes 7p rjp and 
7r~p — > r]n within a chiral constituent quark approach, extending our previous investigation of 
the photoproduction channel to the TT~p initial state. Our approach embodies the breaking of the 
SU{6) 0(3) symmetry, via one-gluon-exchange mechanism. The generated configuration mixing 
is characterised by mixing angles, which we have determined without specific free parameters. 
Moreover, the present quark approach is used to derive photoexcitation helicity amplitudes and 
partial decay widths of the nucleon resonances to vrA^ and r]N final states. 

Our study is focused on the reaction mechanisms of the considered reactions in the energy 
range from threshold up to the centre-of-mass energy W 2 GeV, where data for both reactions 
are available. Accordingly, the nucleon resonances taken into account are explicitly dealt with for 
n <2 harmonic-oscillator shells. Within that frame-work, we have Successfully fitted close to 1800 
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data points with 21 adjustable parameters, with 9 of them related to the 3 new resonances. With 
such a rather small number of free parameters, we have investigated possible roles played in those 
reaction mechanisms by 12 known resonances, 6 the so-called missing resonances, and 3 new ones. 

The combined fit of the known baryon spectrum and the 7p — > ijp measured observables, allowed 
us to i) extract the masses of missing resonances generated by the used formalism, ii) extract the 
mixing angles between relevant configurations, which came out [1] in agreement with Isgur-Karl 
pioneer work, iii) determine the parameters of the 3 new resonances, compatible with other findings. 

The reaction mechanism for the process jp — > rjp is found, as expected, being dominated by 
the S'ii(1535), with significant contributions from four additional known resonances («S'ii(1650), 
1)13(1520), Fi5(1680), and Pi3(1720)), and from a new resonance S'ii(1717). The importance of 
those five known resonances is corroborated by the calculated photo-excitation helicity amplitudes 
and final-state rjp branching ratios. 

For the photoproduction channel, the new 5ii resonance turns out to be essential in reproducing 
the data, for which the extracted Wigner mass and width come out consistent with the values in 



Refs. 



26, 



authors 



31I. I32| . but the mass is lower, by about 100 to 200 MeV, than findings by other 



34, j3iy,Q- 



The most natural explanation would be that it is the first Su state 



in the n = 3 shell. However its low mass could indicate a multiquark component, such as, a 
quasi-bound kaon-hyperon [s^ or pentaquark configuration 

Q- In Ref. H 

,the authors propose 

a N*(1685) from the reanalysis of the GRAAL beam asymmetry data, but their results do not 
support a S'-partial wave resonance. 

Cutkosky [j^ reported a D13 resonances at (1880±100) MeV with (180±60) MeV widths. 
Recent investigation find -Di3(1875) a state coupling strongly to kaon-hyperon channels but not 
to the rjN channel {2^. \t\. In this work, we also find for the new D13 resonance the variation of 

is small compared with other resonances. Interestingly, we find large effect from a state 
around 2090 GeV with a Wigner width of 330 MeV. It is very similar to the A'^(2070)Di5 reported 

pnn Q 

m Refs. |a,|JJ,l24(. It can be explained as the first Di^ state in n = 3 shell [3]. 

We come back to the known P- and D-wave resonances, in the mass energy region around 
1.71 GeV, and hence the most important energy region to study the n = 2 shell resonances, 
in both processes investigated here. In the literature, different conclusion have been reported 
on the relative weight of the relevant resonances in the reaction mechanism. In Ref. [7^], the 
inclusion of the -Pi3(1720) resonance does not improve significantly the description of the data for 
the photoproduction, while this resonance considerably improves the fit quality of the hadronic 
7r~p Tjn reaction at higher energies, and the small bump near W = 1.7 GeV in the spin- 1/2 
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resonance contribution is attributed to the Pll(1710) resonance. In Ref. [3], this latter resonance 
together with the background contributions dominate the tt~p rjn reaction in the n = 2 shell 
energy area, developing a peak in the total cross section around 1.7 GeV. As in Ref. [80], our results 
endorse the n=2 shell resonances Pi3(1720), not the Pii(1710), providing the most significant 
contribution in both r] production processes. A recent quark model approach [30] found important 
effects due to the Pii(1720) in the 7r~p -qn, but did not consider the SU{6) 0(3)-symmetry 
breaking. In the present work, the crucial character of this latter mechanism attenuate the role 
attributed to Pii(1720). However, our results do not allow us to reach firm conclusions about the 
role of the P-wave resonances. The origin of this situation can be traced back to the discrepancies 
between the calculated photo-excitation amplitudes for the Pi3(1720) and those reported in PDG. 
Such discrepancies are also found in other constituent quark model calculations [52]. This may 
indicated that the Pi3(1720) has a more complicated structure than the simple three quark picture. 



In Ref. [80|, the 1)13(1700) resonance gives the largest contribution to the cross section in the energy 
region of W = 1.7-2.0 GeV, but we do not find such contributions from the -Di3(1700). 

To summarize our findings with respect to the TT~p rjn, we emphasize that, within our ap- 
proach besides the (by far) dominant 511(1535), significant contributions from the same four known 
resonances (5ii(1650), 1)13(1520), Pi5(1680), and Pi3(1720)) are found, as in the photoproduction 
case. For the strong channel, another resonance turns out to relevant, namely Z)i5(1675). 



From theoretica 
channels study 



point of view, the next steps are i) perform a comprehensive extended coupled- 



8l|, ii) extend the present formalism to higher n shells in order to investigate all 



82]. 



photoproduction data up to ~ 2.6 GeV, embodying all PDG one to four star resonances 
In the experimental sector, the most needed data concern the 7r~p — > r/n channel. Double polar 



ization observables for 7p rjp planned to be measured at JLab 
understanding of the underlying reaction mechanisms. 



831 ] will certainly improve our 
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